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Abstract  
Mechanical damages such as bruising, collision and impact during food processing stages 
diminish quality and quantity of productions as well as efficiency of operations. Studying 
mechanical characteristics of food materials will help to enhance current industrial practices. 
Mechanical properties of fruits and vegetables describe how these materials behave under loading 
in real industrial operations. Optimizing and designing more efficient equipments require accurate 
and precise information of tissue behaviours. FE modelling of food industrial processes is an 
effective method of studying interrelation of variables during mechanical operation. In this study, 
empirical investigation has been done on mechanical properties of pumpkin peel. The test was a 
part of FE modelling and simulation of mechanical peeling stage of tough skinned vegetables. The 
compression test has been conducted on Jap variety of pumpkin. Additionally, stress strain curve, 
bio-yield and toughness of pumpkin skin have been calculated. The required energy for reaching 
bio-yield point was 493.75, 507.71 and 451.71 N.mm for 1.25, 10 and 20 mm/min loading speed 
respectively.  Average value of force in bio-yield point for pumpkin peel was 310 N.  
 
Introduction  
Study of material properties of fruit and vegetable tissue is becoming a common way of 
investigating possible deformations and damages of tissues during industrial operations such as 
mechanical peeling. Food particles subject various types of loads during processing stages such as 
harvesting, transporting, sorting, cutting, peeling and packaging. Bruising, collision and impact can 
cause high rate of loss during processing of food materials. In an example of potato line a loss of 
20% has been reported as a consequence of static and dynamic impact [1]. The rate of loss in apple 
industry has been stated up to 50% of total products [2], as a result more investigation need to be 
done on interaction of tools and food tissues during processing. Subsequently, design of processing 
equipments requires detailed information of tissue properties and its behaviours under loading 
which directly influence process control and consumer acceptability of productions.  Static and 
dynamic forces during processing stages can be productive and destructive. Productive loads in 
mechanical stages such as cutting and peeling help to cut tissue or remove skin. Alternatively, 
destructive loads create undesirable damages such as collision, bruise, impact and torn in tissue.  
Compression, impact and vibration [3] are usually the major sources of creating unwanted 
deformation.  
Among mechanical characteristics of materials, toughness is one of the effective factors in 
material performance during loading. Generally, toughness can be determined using different 
mechanical tests including: compression and tensile, however tensile test is not a common way for 
soft tissues such as skin of vegetables due to difficulty in performing them  [3].  
There are several studies on mechanical properties of fruit tissue which determined properties for 
unpeeled and peeled (flesh) tissues. For instance, physical properties of solid food[4], tough skinned 
vegetables [5], guna fruit [6], melon [7], pumpkin [8], apple [9], cherry tomato [10], orange [11], 
and pear [12]. However there are a few works have been done in fruit and vegetable peel such as 
watermelon, rockmelon and honey melon [7], orange peel [11] and apple peel [9]. 
Toughness during compressive loading of materials usually is determined as area under force 
deformation curve, this definition also in food particles introduces as energy absorbed by material 
which is “required to propagate a fracture by a given crack area, generally derived from the area 
under a force-extension curve” [13]. As it has been presented in Fig. 1, force deformation curve for 
biological materials includes elastic section (a-b), bio-yield point (c), and rupture point (d). 
 
Fig. 1: Compressive curve for biological solids [14]. 
 
Although there are several studies on mechanical behaviours of food, fruits and vegetables 
materials, still there is not enough works on toughness and energy absorbance of these tissues. More 
specifically, skin of fruits and vegetables which is subject of various range of mechanical loads 
particularly in peeling stages. 
Tensile test has been conducted on orange peel at a speed of 10 mm/min (Fig. 2), the results 
indicated that peak cutting force and peel cutting energy were between 79.5-63.2 N and 240.7-115.7 
J respectively [11].  
Grotte et al. [9] tested apple toughness for skin, flesh and unpeeled samples and the results 
showed maximum skin toughness for Granny Smith and minimum Skin toughness for Fuji variety 
of apple (Fig. 3). 
  
Fig. 2: Force- deformation curve and peel cutting energy for orange peel tensile test [11] 
In another study by Emadi et al. [7] compression test carried out on melon peel and the load 
deformation curve resulted as shown in Fig. 4. This study stated that watermelon had highest value 
of peel toughness with 436 N.mm and cantaloupe melon with 180 N mm had lowest value of skin 
toughness. 
 
 
Fig. 3: Force displacement and toughness values of apple [9] 
  
Fig. 4: Force-deformation curves for cantaloupe melon: –––, peel;      , unpeeled(left), Toughness :peel and  : 
unpeeled (right) [15] 
 
Regarding to the existing literature more research needs to be done on the toughness of skin and 
how vegetables skin and fruits behave under loading. Accordingly, the results of these studies can 
significantly help to redesign and optimize current techniques of food industrial practices such as 
cutting and peeling operations. The objective of this paper is to report the results of test conducted 
on pumpkin skin which is a part of simulation effort on Finite Element Modelling of tissue damage 
during mechanical peeling of tough skinned vegetable such as pumpkin.  
 
Material and Method 
Mechanical behaviour of pumpkin peel has been determined, performing compression test 
according to the ASAE standard S 368.4 [16]. Jap variety of pumpkin collected from local shops in 
Brisbane (Queensland, Australia) and samples prepared from ripe and defect free pumpkins under 
controlled laboratory condition for 24-48 hours before test [16]. Main environmental factors were: 
temperature (20 െ 25°ܥ) and humidity (20-55%). Average thickness of skin (5 mm), was measured 
using vernier calliper. Skin samples were circular with the dimension of 40mm from top, side and 
bottom of whole pumpkin. Due to the natural convex shape of pumpkin, tissue glue (Loctite 454) 
was applied to avoid movement on the flat face of holder during test. An 8mm diameter indenter 
(Fig. 5) used for compression test regarding to the ASAE standard for compressive loading of 
convex shape materials[16].  
 
Fig. 5: Indenter and Instron machine used for compressive loading. 
 
Three penetration speeds applied in compression test of skin including: 1.25, 10 and 20 mm/min. 
Both platen and indenter were made from stainless steel and installed on the Instron Universal 
Testing Machine (IUTM) used. The diameter of indenter was chosen 8mm regarding to the ASAE 
standard [16]. Applied force in N and extension in mm were obtained directly from computer 
attached to the Instron machines. Stress strain curve, elastic modulus and toughness were calculated 
using the following formulas [17-19]:   
ߪ ൌ ி஺                                                                                                                                         (1) 
ߝ ൌ ∆௟௟                                                                                                                                          (2) 
ܧ ൌ ఙఌ ൌ
ி/஺
∆௅/௅                                                                                                                              (3) 
ܶ ൌ ଵଶ ܨ௥ܦ௥                                                                                                                                  (4) 
Where F, A, E, ߪ, ߝ, L, ܨ௥, ܦ௥ and T are compressive force, cross sectional area, modulus of 
elasticity, stress, strain, length, rupture force, deformation in rupture force and toughness 
respectively.  
Results and discussion 
Force deformation curve and Bio-Yield point 
Force deformation curve obtained directly from computer attached to the Instron machine (Fig. 
6).  
 
Fig. 6: Force deformation curve for three loading speed. 
 
Typically first part of curve is linear before yield point, however in case of food materials 
regarding to the shape and material characteristics it could be slightly different. As it is shown in 
Fig. 4 all three curves have a semi linear section from zero up to yield point. Bio-Yield point for 
food particles is a point in which increase in deformation cause decrease or no change in force value 
[18]. This point usually implies end of elastic region and start of plastic deformation. In terms of 
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fruit and vegetables it is important in processing stages to limit the rate of deformations regarding to 
the purpose of operation.  
Maximum force in yield point for these three tests was between 290.77 to 339.69 N, with 
maximum deformation of 3.62 mm which occurred in test with 1.25 mm/min loading rate. However 
the minimum deformation happened in highest compressive load 20mm/min with 2.98 mm 
deformation.  
 
Stress strain curve 
Consequently, stress and strain calculated using the formula and cross sectional area (Fig. 7). 
Value of stress varied between 5.784 to 6.757 MPa in bio-yield point (Table 1). The details of two 
points after yield point have been recorded as first effective stress values in plastic region which is 
essential for completing computer model of tissue.  
 
Fig. 7: Stress Strain curve for skin in three loading value. 
  Toughness  
Skin toughness calculated from the results of compressive loading in three different speeds 
summarised in Table 1. The value of toughness differed from 451.71 to 507.71 N.mm , with 
average value of 484.39 N.mm which is relatively higher than toughness value reported by Emadi et 
al [7] for cantaloupe melon, honey melon and watermelon (141, 336 and 178 N.mm respectively). 
This difference is due to the natural characteristic of pumpkin skin which is uneven and tougher 
than three others. Additionally first plastic stress calculated in order to apply it in FE model of 
mechanical peeling of pumpkin which varies from 6.06 to 6.95 MPa. 
Table 1: Toughness for skin, flesh and unpeeled samples. 
 Toughness (N.mm) 
Force in Bio-
Yield Point 
(N) 
Stress in 
Bio-Yield 
(MPa) 
First plastic 
stress (MPa) 
Skin 
(1.25mm/min) 493.75 301.83 6.004 
6.236 
Skin (10mm/min) 507.71 339.69 6.757 6.955 
Skin (20mm/min) 451.71 290.77 5.784 6.062 
Average Value 484.39 310.73 6.181 6.417 
 
Additionally, loading speed did not affect the value of toughness significantly, however as it is clear 
in Fig. 6, rate of deformation was quicker in higher compressive speed.  
 
Application of Investigated Properties 
Improvement in manufacturing equipments needs better modelling and simulation of correlation of 
involved variables. FEA modelling and simulations have become an acceptable and precise method of 
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studying interrelationship of variables in industrial operation. Material properties of particles are 
needed to model fruit and vegetable tissues. The main objectives of this study as a part of FE 
modelling of mechanical tissue damage were calculating material properties of pumpkin skin. These 
properties can be useful for describing behaviours of peel under loading in order to control loss rate in 
industrial peeling process. Value of toughness which indicates essential force for rupturing skin shows 
the optimum level of energy needs in cutting or peeling stage. As a result controlling energy level in 
this range will save energy. Maximum compressive load regarding to the deformation rate points 
toward how increase in force can affect deformation in order to minimise undesired tissue damages. It 
is useful to investigate performance of peel separately under mechanical loads.  
Conclusion and future work 
In this paper the results of experimental investigation on Jap variety of pumpkin have been reported. 
Compression test was conducted using sphere end indenter with 8 mm diameter. The experiment has 
been done in three speed of loading including 1.25, 10, 20 mm/min. During experiment it was found 
that average skin toughness of Jap pumpkin was 484.39 N.mm, maximum deformation in bio-yield 
point was 3.62 mm and average highest stress was 6.181 MPa.  This empirical investigation has been 
done as a preliminary part of FE modelling of mechanical damage of fruit and vegetable tissue during 
mechanical peeling. Future work will be expanded in two main aspects including: experimental 
investigation and FE modelling. Empirical tests of mechanical and physical properties of three 
varieties of pumpkin for both skin and flesh samples will carry out in order to get accurate results of 
properties of pumpkin. As well as creating FEA model of tissue damage during mechanical peeling of 
pumpkin, results of experimental study will apply to model material properties of tissue.  
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